The effects of operating parameters on desulfurization of molten iron with magnesium vapor produced in-situ by the aluminothermic reduction of magnesium oxide have been studied. To promote the reduction of magnesium oxide and to make use of the heat of the molten iron, a refractory tube charged with the pellets that were made of the mixture of magnesia and aluminum powders, was immersed into the melt. The produced magnesium vapor was injected directly into the melt with Ar or N 2 carrier gas to react with sulfur in it.
Introduction
The use of magnesium for the desulfurization of molten iron has long been the subject of many metallurgical investigations. Mori et al. 1) made studies on the desulfurization of molten iron using magnesium vapor produced by heating pure magnesium metal in a vaporizer. Several other methods of desulfurization with magnesium have also been developed, for example, Mag-Coke, 2, 3) Salt-coated magnesium 4) and Mag-Lime 5) methods.
In recent years, desulfurization by the injection of magnesium and lime powders into molten iron has been studied by several researchers. [6] [7] [8] Their results showed that the sulfur concentration could be decreased below 20 ppm, and the desulfurization efficiency of magnesium ranged from 10 to 25 %. Since the boiling point of magnesium is 1 376 K, which is much lower than the temperature of hot metal pretreatment, the addition of magnesium in metallic form into molten iron is hazardous and does not give high desulfurization efficiency. Moreover, the high price of metallic mag-nesium makes it less attractive than the most commonly used calcium oxide based desulfurization reagents. 9) In previous papers, a new desulfurization method of molten iron by the use of MgO-C 10) and MgO-Al 11) pellets was described. The pellets were charged into a graphite tube, which was immersed into the iron melt. Heated by conduction from the molten iron, magnesium oxide in the pellets was reduced to produce magnesium vapor, which was injected directly into the melt together with argon carrier gas. A mathematical model for this desulfurization process was also developed based on a mixed-control model of gas-and liquid-phase mass transfer.
In the case of MgO-C pellets, the calculated results showed that desulfurization mainly took place on the bubble surface, because the reduction rate of magnesium oxide was very slow. Under the experimental conditions, the ratecontrolling step changed with the progress of desulfurization during bubble formation and ascent. At the beginning of the bubble formation, the mass transfer of both the sulfur in the melt and the magnesium in the bubble was found to be rate-controlling steps. At the end of the bubble ascent, the mass transfer of magnesium in the bubble was slower than that of sulfur in the melt and became the rate-controlling step for the desulfurization reaction. The amount of desulfurization during bubble formation was larger than that during bubble ascent.
In the case of MgO-Al pellets, the sulfur concentration in the molten iron of 350 g was decreased from 537 ppm to 32 ppm in 20 min with pellets of 0.75 g at 1 673 K, and the desulfurization efficiency of pellet, h S,P , was 42 %. The effects of temperature, pellet mass, initial sulfur concentration and carrier gas flow rate on desulfurization were investigated. Since the aluminothermic reduction rate of magnesium oxide was fast and the magnesium vapor pressure in the bubble is high at 1 673 K, the calculated results showed that the mass transfer rate of magnesium in the bubble was faster than that of sulfur in the melt, and the latter was the rate-controlling step. The amount of desulfurization during bubble ascent was 3.5-9.3 times larger than that during bubble formation.
To determine the kinetics of the reduction of magnesium oxide with carbon and with aluminum, these reduction processes were investigated using a nonisothermal gravimetric technique under argon atmosphere. It was found that the reduction of magnesium oxide with carbon was not a true solid-solid reaction, but proceeded through gaseous intermediates. 12) As for the reduction of magnesium oxide with aluminum, magnesium oxide was rapidly reduced by aluminum to form magnesium vapor and spinel at first, and then the spinel was slowly reduced by the surplus aluminum. 13) In order to apply this desulfurization process to practical production, the desulfurization with magnesium vapor produced in-situ by the aluminothermic reduction of magnesium oxide has been further studied in the present work. The effects of several important operating parameters on desulfurization, such as carrier gas, pellet forming pressure, porosity and material of the immersion tube, the structure of the gas exit of the immersion tube, pellet addition method and oxygen partial pressure in the atmosphere, have been investigated.
Experimental Apparatus and Procedure
To make use of the heat conduction from molten iron to reduce the magnesium oxide, an immersion tube charged with the pellets of MgO-Al mixture was employed in the present experiment. The experimental apparatus is shown in Fig. 1 . The immersion tube, which was made of graphite, alumina or magnesia, was of 10 mm I.D., 15 mm O.D. and 60 mm length and had 1-5 holes of 1.0 mm diameter at its lower part. In the case of five holes, one was at the central of the tube bottom and the other four were on the side face located at 2 mm from the bottom. Magnesium vapor and carrier gas were injected into the melt through these holes. In the case of studying the effect of the structure of gas exit of immersion tube, the dense Al 2 O 3 tubes were used, which are schematically illustrated in Fig. 2 . Figure 2 (a) shows a dense Al 2 O 3 tube with five holes of 1 mm diameter at its lower part. Figure 2 A high frequency induction furnace (15 kW, 100 kHz) was used to melt electrolytic iron of 350 g in a graphite crucible. An inert atmosphere was maintained by blowing argon gas at a flow rate of 1.3ϫ10 Ϫ5 m 3 /s onto the melt surface. The pellet contained magnesium oxide powder (0.4 mm in average diameter and purity higher than 99.99 %) and aluminum powder (75-150 mm in size and purity higher than 99.5 %). After mixing the magnesium oxide and aluminum powders at a molar ratio of 3 : 2, the pellets were formed under the pressure of 10-150 MPa for one hour in a cold isostatic press. In the present experiments, the dense graphite immersion tube with 5 holes at its lower part and the pellet forming pressure of 150 MPa were employed when there was no specific explanation.
After melting the iron, the initial sulfur concentration was adjusted by adding FeS, and then the tube charged with the pellets was immersed into the melt until its tip reached 2 mm from the crucible bottom. The desulfurization process was examined by taking samples from the melt at appropriate time intervals to analyze sulfur and carbon contents.
Principle of Desulfurization of Molten Iron with Magnesium Vapor Produced In-situ by Aluminothermic Reduction of Magnesium Oxide
Details of the principle of desulfurization of molten iron with magnesium vapor produced in-situ by aluminothermic reduction of magnesium oxide have been reported else- where. 11, 13) The overall desulfurization reaction in the process proceeds in two steps: the reduction of magnesium oxide by aluminum to produce magnesium vapor followed by its reaction with sulfur dissolved in the molten iron. At first, magnesium oxide is reduced by aluminum to produce magnesium vapor and MgO · Al 2 O 3 spinel. This reaction proceeds rapidly and can be represented by the following:
And then, reduction of the spinel by the surplus aluminum proceeds slowly according to
Desulphurization with magnesium vapor is assumed to take place on the bubble surface according to
In order to express the degree of reduction, the reduction efficiency of pellet, h R , is introduced, which is defined as the ratio of the mass of the reduced MgO, W R , to the initial mass of MgO in the pellet, W 0 .
The desulphurization efficiency of pellet, h S,P , is expressed as
where W S is the mass of MgO actually used for desulfurization, which can be calculated from the mass of sulfur removed from the melt.
The desulphurization efficiency of magnesium vapor, h S,Mg , can also be introduced.
where W Mg,S and W Mg are the masses of magnesium reacted with sulfur and produced by the reduction of MgO, respectively.
Experimental Results and Discussion

Effect of Carrier Gas
Nitrogen gas is widely used in the refining processes of iron and steel industry due to its low price. Here, N 2 was used as the carrier gas and the experimental result is given in Fig. 3 . For comparison, the result of Ar carrier gas 11) is also plotted in the same figure. The desulfurization rate with N 2 carrier gas was fast in the initial stage of desulfurization. But after 15 min, desulfurization with N 2 carrier gas stopped and resulfurization took place to some extent. The desulfurization efficiency of pellet, h S,P , was only 22 % for N 2 carrier gas, while it was 42 % for Ar carrier gas.
To clarify the reason for the low desulfurization efficiency with N 2 carrier gas, X-ray diffraction analyses were carried out on the pellets before and after the above experiments with Ar and N 2 carrier gases. The results are shown in Fig. 4 . The pellets contained MgO and Al before reduction. After the reduction with Ar carrier gas, the main species detected in the pellet were MgO · Al 2 O 3 and Al 2 O 3 . However, after the reduction with N 2 carrier gas, in addition to MgO · Al 2 O 3 and Al 2 O 3 , AlN and the unreduced MgO were also detected in the pellets. Therefore, the reason why h S,P for N 2 carrier gas was low was that a part of aluminum in the pellets reacted with N 2 to form AlN according to the following equation:
DG°ϭϪ331.3486ϩ0.10316T (kJ/mol) 14) ........ (10) Since the pellets used in the present experiment were a stoichiometric mixture of magnesium oxide and aluminum (molar ratio of MgO : Alϭ3 : 2), the amount of aluminum was not enough to reduce magnesium oxide completely in the case of N 2 carrier gas. As a result, less magnesium vapor was produced, and hence both h R and h S,P were low.
In order to improveh R and h S,P with N 2 carrier gas, excess Al powder of 0.15 g was added to the stoichiometric mixture of magnesium oxide and aluminum powders of 0.75 g to produce new pellets. In Fig. 5 , comparison is made between the desulfurization results with the pellets of the stoichiometric composition and the new pellets. One can see that h S,P for the new pellets increased to 32 %. This demonstrates that an excess amount of aluminum powder should be added to the pellet when N 2 carrier gas is used. Figure 6 illustrates the effect of pellet mass on the desulfurization of molten iron for N 2 carrier gas. With the initial sulfur concentration of about 500 ppm, increasing the pellet mass to 1.5 g decreased the sulfur concentration to below 10 ppm in spite of using N 2 carrier gas. It is to be noted that with Ar carrier gas, the sulfur concentration decreased from 540 ppm to 30 ppm in 20 min with pellet mass of only 0.75 g as shown in Fig. 3 , the other experimental conditions being the same.
From the above experimental results, nitrogen gas, which is much cheaper than argon gas, can be an alternative carrier gas for the present desulfurization method. Compared with Ar carrier gas, the use of N 2 carrier gas requires a larger amount of pellet or an excess amount of aluminum to obtain the same desulfurization result.
Effect of Pellet Forming Pressure
Experiments were carried out with the pellets formed at the pressures of P pf ϭ10, 50 and 150 MPa, and the results are shown in Fig. 7 . In these experiments, the temperature was 1 673 K, the pellet mass 0.35 g and the Ar carrier gas flow rate 5.0ϫ10 Ϫ7 m 3 /s. With increasing pellet forming pressure, the rate and the efficiency of desulfurization increased. This is because the contact area between magnesium oxide and Al powders became larger when the pellet forming pressure was increased, and therefore the reduction of magnesium oxide was promoted. 13) The pellet mass of 0.35 g for iron melt of 350 g corresponds to 1 kg/t reagent. When the pellet forming pressure was 150 MPa, the sulfur concentration decreased from 310 ppm to 70 ppm in 15 min. The value of h R , h S,Mg , and h S,P were 90, 49 and 44 %, respectively.
Effect of Porosity and Material of Immersion
Tube The effect of porosity and material of the immersion tube is illustrated in Fig. 8 . In these experiments, dense graphite, porous Al 2 O 3 (porosity 30 %) and porous MgO (porosity 20 %) tubes were used. In the case of the dense graphite tube, the desulfurization rate was very fast and the sulfur concentration decreased from 490 ppm to below 10 ppm in only 20 min. In the cases of the porous Al 2 O 3 and MgO tubes, the desulfurization rates were slow and it took 90 min and 120 min to lower the sulfur concentration below 30 ppm, respectively.
In the case of the porous Al 2 O 3 or MgO tubes, one of the possible reasons for the decrease in the desulfurization rate is that the carrier gas passes through the pores in the upper part of the tube and not through the pellet layer. So, the reduction of magnesium oxide and hence the desulfurization is retarded. But in the case of the dense graphite tube, the carrier gas passes through the pellet layer. This promotes the reduction of magnesium oxide and enhances the desulfurization rate.
To testify whether or not the above assumption is responsible for the decrease in the desulfurization rates with Fig. 9 . The other experimental conditions were the same as those in Fig. 8 . At 20 min, h R was 79.4 % and 76.1 % for the porous Al 2 O 3 and MgO tubes, respectively. In addition,h R was 89.5 and 82.2 % at 120 min for the two tubes. From these data it is presumed that the reduction rates of magnesium oxide were about the same as that using the graphite immersion tube, which was reported in our previous paper. 11) Namely, the reduction rate of magnesium oxide is not concerned with the decrease in the desulfuirzation rates using the porous Al 2 O 3 and MgO tubes.
The following experiments were conducted to identify whether the reaction between the porous Al 2 O 3 or MgO immersion tubes and the produced magnesium vapor is responsible for the decrease in the desulfurization rate. Into the graphite immersion tube, about 30 broken pieces of the Al 2 O 3 or MgO immersion tubes (2.0 g) were charged. Then 1.0 g pellets were put on those broken pieces. The desulfurization results are shown in Fig. 10 .
In the case of charging the broken pieces of Al 2 O 3 tube, the desulfurization rate decreased and the sulfur concentration continuously decreased during the whole period of the 120 min experiment. The mass of the broken pieces of the Al 2 O 3 tube increased to 2.13 g after the experiment. X-ray diffraction analyses in Fig. 11 show the chemical components of the porous Al 2 O 3 tube before and after the experiment. Before the experiment, the Al 2 O 3 tube contained only Figs. 8 and 10 is resulted from that the magnesium vapor firstly reacted and/or was adsorbed with Al 2 O 3 , and then with the decrease in the magnesium partial pressure, the reverse reaction and/or the desorption took place to produce magnesium vapor.
On the other hand, the decrease in desulfurization rate with charging the broken pieces of the MgO tube was not observed and the mass of the broken pieces did not change after the experiment. In addition, X-ray diffraction and EPMA analyses did not reveal any change in the components after the experiment. However, according to the studies by Kantorovich et al. 15) and Shalabi et al., 16) the adsorption of Mg clusters or Mg ions on the MgO surface occurs due to the defect and the irregularity of MgO surface. It is therefore deduced that the adsorption of magnesium vapor in the initial stage and the desorption of magnesium vapor in the later stage of the experiment by the porous MgO tube are responsible for the decrease in the desulfurization rate described in Fig. 8 . However, in the experiment shown in Fig. 10 , the surface area of the broken pieces of MgO tube was not large and magnesium vapor could not penetrate into their pores. Also, the pellets of 1.0 g produced relatively a large amount of magnesium vapor. These are the reasons why charging the broken pieces of MgO tube into the graphite immersion tube had no apparent effect on the desulfurization rate.
Effect of the Structure of Gas Exit of Dense Al 2 O 3
Tube The two types of the structure of gas exit of dense Al 2 O 3 immersion tubes are schematically illustrated in Fig. 2 and their desulfurization results are presented in Fig. 12. For comparison, the desulfurization result of the dense graphite tube is also shown in the same figure. With respect to the dense Al 2 O 3 tube shown in Fig. 2(b) , the desulfurization proceeded rapidly and the sulfur concentration decreased from 500 ppm to 14 ppm in 15 min, which was similar to the result with the dense graphite tube. This implies that the reaction between the produced magnesium vapor and the dense Al 2 O 3 tube does not appreciably proceed and has no large influence on the desulfurization due to its small inner surface area. But for the dense Al 2 O 3 tube shown in Fig. 2(a) , the desulfurization rate was slow and the final sulfur concentration was 170 ppm. The contact angles of Al 2 O 3 and graphite to carbon-saturated molten iron are 133°and 50°, respectively. 17) The wettability of the Al 2 O 3 tube to molten iron is worse than that of the graphite tube. Therefore, in the case of the dense Al 2 O 3 tube shown in Fig. 2(a) , the formed bubbles were larger, and they tended to rise along the tube wall. The trace of bubble rising along the tube wall was observed after the experiment. As a result, the contact area between the bubbles and the melt became small, and consequently the desulfurization efficiency decreased. When the dense Al 2 O 3 tube with a horizontal nozzle was used, smaller bubbles were formed, and they were prevented from rising along the tube wall. Thus, the desulfurization was promoted.
Effect of Dividing Pellet Charging into Two Portions
Since the reduction rate of magnesium oxide with aluminum is very fast and the magnesium vapor pressure in the bubble is high in the initial stage, a part of magnesium vapor leaves the melt without reacting with sulfur. 11) Therefore, it might be possible to improve the desulfurization efficiency of pellet by dividing pellet charging into two or more portions.
Comparison of desulfurization between (a) addition of 0.5 g pellets at 0 min and (b) 0.25 g pellets at 0 and 16 min is shown in Fig. 13 . The lowest sulfur concentration for case (b) is lower than that for case (a). This indicates that it is possible to improve the desulfurization efficiency of pellet by dividing pellet charging into two portions.
In addition, referring to Figs. 8 and 12 , the desulfurization efficiency of magnesium using the porous Al 2 O 3 immersion tube is higher than that using the dense one. In the case of porous Al 2 O 3 immersion tube, as described in 4.3, the magnesium vapor firstly reacted and/or was adsorbed with Al 2 O 3 , and then the reverse reaction and/or the desorp-tion took place to produce magnesium vapor. This process is similar to dividing pellet charging into many portions, which results in the increase in the desulfurization efficiency of magnesium.
A mathematical analysis has been carried out for the present process. The calculation assumptions, the kinetic equations and the method of analysis are the same as those described previously. 10, 11) The initial magnesium partial pressure in a bubble can be obtained from the experimental data of reduction efficiency of pellet (h R ). The regression equations of h R as a function of time are given by 11) Then, the number of moles of magnesium produced during the time from t to tϩDt after the first pellet addition, where W Mg,1 is the initial mass of magnesium in the pellets of the first addition (g), M Mg is the molecular mass of magnesium (g/mol), t is the time (s), t* is the time of the second pellet addition (s) and Dt is the time increment for calculating Dn Mg,1 , which is taken as 6 s in the calculation.
The number of moles of magnesium produced during the time from t to tϩDt after the second pellet addition, Dn Mg,2 (t), are the sum of the number of moles of magnesium produced by the first and the second pellet additions, and are expressed as ......... (14) where W Mg,2 is the initial mass of magnesium in the pellets of the second addition (g).
Using Eqs. (13) and (14) , and combining with the number of bubbles generated during the time increment Dt, 11) the initial number of moles of magnesium in one bubble can be obtained. The calculated time dependence of sulfur concentration for the case of dividing pellet charging into two portions together with that adding all pellets at 0 min is presented in Fig. 14. The calculation conditions are the same as that in Fig. 13 . In the calculation, the dissolution of magnesium into the melt is neglected. It is clear that the sulfur concentration decreases in two stages according to the pellet addition, which is well consistent with the experimental result. Therefore, the experimental results of dividing pellet charging into two portions can also be reasonably explained with the mixed-control model of gas-and liquid-mass transfer.
Effect of Oxygen Partial Pressure in the Atmo-
sphere Changing the flow rates of oxygen and argon blown onto the melt surface could adjust the oxygen partial pressure in the atmosphere. For the experiments at oxygen partial pressures of 0.05 atm and 0.1 atm, an Al 2 O 3 crucible was used and the carbon-saturated molten iron was maintained by adding excess carbon to the melt.
The effect of oxygen partial pressure on desulfurization is illustrated in Fig. 15 . With increasing oxygen partial pressure, the lowest sulfur concentration became high. Thus, the desulfurization efficiency of pellet decreased. In addition, the resulfurization reaction proceeded more noticeably.
Under the atmosphere containing oxygen, the following reaction takes place on the melt surface. From the above equation, one can deduce that the equilibrium sulfur concentration in the melt increases with increasing oxygen partial pressure and decreasing temperature.
MgS
Conclusions
The desulfurization process of molten iron with magnesium vapor produced in-situ by the aluminothermic reduction of magnesium oxide has been further studied. The effects of carrier gas, pellet forming pressure, porosity and material of the immersion tube, structure of the gas exit of the dense Al 2 O 3 immersion tube, method of pellet addition and oxygen partial pressure in the atmosphere on desulfurization were investigated. The main results can be summarized as follows:
(1) The desulfurization efficiency of pellet was low when N 2 was used as the carrier gas due to the fact that a part of aluminum reacted with N 2 to form AlN. Compared with using Ar carrier gas, using N 2 carrier gas required a larger amount of pellet or an excess amount of aluminum to obtain the same desulfurization result.
(2) With increasing pellet forming pressure, the reduction of magnesium oxide was promoted, and hence the desulfurization rate and efficiency were improved.
(3) When porous Al 2 O 3 and MgO tubes were used, the desulfurization rate was slower than that with a dense graphite tube. In the case of the porous Al 2 O 3 tube, the magnesium vapor reacted and/or was adsorbed with the porous Al 2 O 3 tube in the initial stage of the experiment. The back reaction and/or the desorption took place to produce magnesium vapor in the later stage of the experiment. In the case of the porous MgO tube, the porous MgO tube adsorbed and desorbed the magnesium vapor during the experiment.
(4) When a dense Al 2 O 3 tube was used, it is necessary to install a horizontal nozzle to avoid formation of larger bubbles and prevent the bubbles from rising along the tube wall.
(5) It is possible to enhance the desulfurization efficiency of pellet by dividing pellet charging into two or more portions. (6) With increasing oxygen partial pressure in the atmosphere, the desulfurization efficiency was decreased and the resulfurization proceeded more noticeably.
Nomenclature
[%C] : Mass percent concentration of carbon in melt (%) DG°: Standard free energy change (kJ/mol) M Mg : Molecular mass of magnesium (g/mol) Dn Mg,1 (t) : Number of moles of magnesium produced after the first pellet addition from t to tϩDt (mol) 
